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The gas-phase basicities (GB) of histidine, lysine, and di- and triglycyl peptides containing 
either one histidine or one lysine residue have been determined. In all, 12 compounds were 
examined in a Fourier transform ion cyclotron resonance mass spectrometer. The GBs of the 
biomolecules were evaluated by proton transfer reactions employing a range of reference 
compounds with varying gas-phase basicities. In addition, the GBs were determined by 
using the kinetic method of collision-induced dissociation on a proton-bound dimer contain- 
ing the peptide and a reference compound. The GBs of histidine and lysine were both found 
to be 220.8 kcal/mol via proton transfer reactions. The kinetic method experiments, includ- 
ing dissociation of a proton-bound dimer containing both histidine and lysine, also suggest 
equivalent GBs for these amino acids. However, the small peptides containing lysine are 
generally more basic than the corresponding histidine-containing peptides. For the peptides, 
the data suggest that the protonation site is on the basic side chain functional group of the 
histidine or lysine residues. The GBs of the di- and tripeptides are dependent upon the 
location of the basic residue. For example, the GBs of the tripeptides glycylglycyl-L-lysine 
(GlyGlyLys) and L-lysylglycylglycine (LysGlyGly) were both determined to be 230.7 kcal/mol 
while a GB of kcal/mol was obtained for glycyl-L-lysylglycine (GlyLysGly). A similar GB 
trend is seen with the histidine-containing tripeptides. Generally, the GBs obtained by using 
the kinetic method are slightly higher than those obtained by deprotonation reactions; 
however, the trends in relative GB values are essentially the same with the two techniques. 
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S 
everal recent studies have measured the gas-phase 
basicities (GB, -AG of protonation) of amino 
acids and small peptides [l-9]. These values are 
of interest due to the importance of proton transfer 
reactions in biological systems [lo]. The locations of 
the basic sites on peptides affect the hydrogen bonding 
in the biomolecule and therefore impact biological 
activity. Gas-phase basicity determinations are one way 
of gaining information on the protonation site of 
biomolecules. Our research probes the reactivity of 
amino acids and peptides in the gas phase to provide 
keys for understanding their intrinsic chemical proper- 
ties in the absence of solvents. 
In this study, proton transfer reactions of proton- 
nated peptides with reference compounds have been 
used to determine the GBs of several high basicity 
amino acids and small peptides. The GBs of these 
biomolecules were also determined by the kinetic 
method [ll-131 when proton-bound dimer formation 
was observed. The compounds studied are the amino 
acids histidine and lysine, as well as di- and tripep- 
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tides containing these residues and glycine. Of the 
common L-a-amino acids, the three that possess the 
highest gas-phase basicity are arginine, histidine, and 
lysine. Arginine is without question the most basic 
with a GB of 240 kcal/mol[8], which is approximately 
15 kcal/mol greater than the GBs of the next two most 
basic amino acids, histidine and lysine. There exists 
some uncertainty, however, in the ordering of the 
basicities of histidine and lysine (see Table 1). Several 
studies [2, 8, 14-171 indicate the GB of histidine is 
higher than the GB of lysine. Of these studies, one 
employed equilibrium measurements [141 while the 
others utilized the kinetic method 12, 8, 15-171. Other 
studies, which used either proton transfer reactions of 
species laser-desorbed from solid amino acids [6] or 
semiempirical calculations [3] to determine GBs, sug- 
gest that lysine has a higher GB than histidine. This 
difference in GBs obtained by proton transfer reactions 
and the kinetic method has led Amster and co-workers 
[3] to suggest that intramolecular hydrogen bonding in 
lysine has yielded an erroneous GB by the kinetic 
method. In an attempt to shed light on this issue, our 
work utilizes both deprotonation reactions and kinetic 
method experiments to measure the GBs of histidine 
and lysine and their selected di- and tripeptides. For 
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Table 1. Comparison of literature gas-phase basicities 
for his&dine and lysine” 
Reference 
Lysine 
(kcal/mol) 
Histidine 
(kcal/mol) Methodb 
LiasC 222.5 224.1 Equilibrium 
Amsterd 218.7 
Fenselau’ 224.3 
Bojesen’ 217.7 
This work 220.8 
This work 223.2 
213.1 Deprotonation 
224.8 Kinetic 
221.3 Kinetic 
220.8 Deprotonation 
223.2 kinetic 
‘All values adjusted to basicity scale of ref 14. 
bMethod refers to the experimental procedure used to obtain the 
GBs. 
‘Obtained from ref 14. 
dObtained from ref 6. 
‘Obtained from ref 16. 
‘Proton affinities obtained from ref 17 were converted to GBs 
using entropy terms from ref 16. 
both procedures, ions are produced by fast-atom bom- 
bardment (FAB) on biomolecules dissolved in a liquid 
matrix. 
Each of these amino acids has a unique structural 
feature in comparison to the other, namely, the 4- 
methyleneimidazolo group for histidine and the n- 
butylamino group for lysine. While one can delocalize 
excess charge in the imidazole ring (histidine), the 
other has a basic amine functionality on a short chain 
of reduced carbons (lysine) to inductively stabilize an 
additional proton. In addition, the side chains of these 
compounds may be able to form intramolecular hydra 
gen bonds at various sites. Semiempirical calculations 
performed on histidine and lysine indicate protonation 
on the side chain functional groups of the amino acids 
along with intramolecular hydrogen bonding [3]. Also, 
collision-induced dissociation (CID) studies on proto- 
nated peptides have suggested that the protonation 
site for histidine and lysine, as well as arginine, is on 
the u-carbon functional groups of these basic residues 
[ 18-201. 
In the present study, histidine and lysine are exam- 
ined individually to determine the effects of the dif- 
fering side chains on gas-phase basicity. In addition, 
their residues are substituted into di- and tripeptides 
of glycine to explore their impact on peptide basicity. 
A hydrogen is in effect systematically removed from a 
glycine di- or tripeptide “backbone” at an L-a-carbon 
position and replaced by a 4-methyleneimidazolo or an 
n-butylamino group to form the various histidine or 
lysine peptides, respectively. This research provides 
information concerning the effect of sequence on the 
GBs of small peptides that contain a highly basic 
amino acid residue. 
Experimental Methods 
The experimental procedures have been described pre- 
viously [41. Briefly, all experiments were performed 
with a Bruker (Billerica, MA) CMS-47X Fourier trans- 
form ion cyclotron resonance mass spectrometer (ET- 
ICR). Protonated peptide ions were produced in an 
external source utilizing a Phrasor Scientific (Duarte, 
CA) FAB gun [21] employing a 6-lo-kV beam of 
xenon or argon atoms and ions. The ions were pro- 
duced from saturated solutions of the peptides in a 
glycerol matrix which was doped with trifluoroacetic 
acid to increase protonated ion abundance. 
Following ion transfer from the FAB source into the 
FT-ICR cell, collisional cooling of the peptide ions [22] 
was performed by using a pulsed pressure of argon to 
2 1O-5 torr and a 0.3-0.5-s collision period. Resonant 
frequency ejection techniques [23] were employed to 
mass select the protonated peptide ions &E-I+) with- 
out excitation of the ion of interest. Then MH+ were 
allowed to react with the reference compounds present 
at a static pressure of (l-22) x lo-* tori-. The pseudo- 
first-order change in reactant ion intensity as a func- 
tion of time at constant pressure was observed in order 
to determine the overall proton transfer rate constants. 
Where proton-bound dimer formation also occurred 
the rate constant for the protonation pathway was 
obtained from a plot of the relative protonated refer- 
ence compound intensity as a function of time [24]. 
Pressures were measured with a calibrated ionization 
gauge [251. Reported reaction efficiencies are the ratio 
of the experimental deprotonation rate constant to col- 
lision rate constant as calculated by using the thermal 
capture trajectory calculations procedure of Su and 
Chesnavich 126, 271. 
The kinetic method [ll-131 was also used to probe 
the GBs of the peptides. During the deprotonation 
reaction studies, processes that were near thermoneu- 
tral formed proton-bound dimers. This was the only 
clustering reaction observed and it occurred for all 
amino acids and peptides studied. The dimer ions 
were produced and isolated by using the conditions 
outlined above. On-resonance collision-induced disso- 
ciation (CID) [28, 291 of the proton-bound dimer was 
performed under single collision conditions by varying 
center-of-mass collision energies from 0 to 75 eV (max- 
imum laboratory-frame energy of O-525 eV). Argon 
was utilized as the collision gas at pressures of (l-5) x 
10P7 torr. For dimers produced from a series of refer- 
ence compounds of increasing basicity, the GB of a 
peptide was assigned at the point where the lowest 
energy CID product switched from being protonated 
peptide (MH+) to protonated reference base (BH+). 
The kinetic method was also performed on the 
proton-bound dimer of histidine and lysine. This dimer 
was produced by FAB on a mixture of lysine and 
histidine in the glycerol matrix. 
The ET-ICR cell was maintained at room tempera- 
ture ( - 298 K) during all experiments. All biomolecules 
were used as received from Sigma (St. Louis, MO) and 
Bachem Bioscience Philadelphia, PA). Noncondens- 
able gases were removed from the reference com- 
pounds by multiple freeze-pump-thaw cycles. 
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Table 2. Reaction efficiencies for the proton transfer reactions of protonated amino acids and dipeptides with reference compounds 
Reaction eff icienciee 
Reference compound 
Pyridine 
GBb (kcal/mol) 
213.1 
His Lvs GlyHis HisGly GlyLys LysG ly 
0.01 - - - - 
3-Methylpyridine 216.2 
Diethylamine 217.7 
Dipropylamine 219.7 
1 -Methylpiperidine 221.9 
Triethylamine 224.5 
Tripropylamine 226.2 
N, N-Dimethylpropylamine 
N, N, N’. N’-Tetramethyl- 
1,3-diaminopropane 
229.4 
231.0 
0.00 0.00 - 
0.01 0.01 - 
0.04 0.05 - 
BreakC BreakC 
0.14 0.16 0.03 
0.89 1.15 0.03 
BreakC 
- - 0.18 
- - 0.33 
- 0.80 
- - - 
- 0.04 - 
0.04 
0.02 
Breakc 
0.13 
0.34 
0.86 
0.05 
Break’ 
0.13 
0.36 
0.62 
0.86 
0.01 
0.02 
0.06 
Break’ 
0.39 
0.76 
‘The dash indicates that no experiment was performed. 
bReference compound gas-phase basicities were obtained from ref 14. 
‘The break between slow and facile proton transfer for each amino acid or peptide 
Results and Discussion 
The biomolecules examined in this study along with 
the reference compounds employed are listed in Tables 
2 and 3. Table 2 displays reaction efficiencies for histi- 
dine, lysine, and their dipeptides containing one 
glycine residue, while Table 3 displays the data for all 
six structural isomers of the tripeptides containing two 
glycine residues and one histidme or lysine residue. 
Assignments of GBs were made at a reaction efficiency 
of 0.10 (10% of collisions resulted in proton transfer) as 
the criterion to discern between an endoergic and 
exoergic reaction [4, 301. Table 4 lists the experimental 
GBs obtained for these compounds by proton transfer 
reactions and the kinetic method. The uncertainties 
were determined from the range of the bracketing 
reference compounds with an additional 2 kcal/mol 
included to account for uncertainties in the GBs of the 
reference compounds. The GBs of glycine, diglycine, 
and triglycine are listed for comparisons with previous 
work in this laboratory. 
Typical deprotonation reaction spectra are shown in 
Figure 1. These spectra show the reaction of 
(GlyHis)H+ with the reference compound tripropyl- 
amine (TPA) yielding a proton transfer rate constant of 
2.19 x 10-r’ cm3/molecule s-r which translates into 
an efficiency of 0.18. Figure 2 shows the isolation and 
dissociation of the proton-bound dimer consisting of 
triethylamine (TEA) and GlyHis (GlyHis * H * TEA)+ 
via the kinetic method. At low collision energies, the 
appearance of the predominant protonated GlyHis 
peak compared to the protonated TEA peak indicates 
Table 3. Reaction efficiencies for the proton transfer reactions of protonated tripeptides with reference compounds 
Reaction efficiencies 
Reference compound GBa (kcal/mol) GlyGlyHis GlyHisGly HisGlyGly GlyGlyLys GlyLysGly LysGlyGly 
1 -Methylpiperidine 221.9 0.04 0.06 0.04 0.01 0.02 0.01 
Triethylamine 224.5 0.01 
Tripropylamine 226.2 
N, N-Dimethylpropylamine 229.4 
0.08 
Breakb 
0.34 
N. N. N’. N’-Tetramethyl- 
1,3-diaminopropane 
N. N. N’. N’-Tetramethyl- 
1,4-diaminobutane 
231 .O 0.55 
232.6 1.09 
0.04 
Breakb 
0.30 
0.53 
0.78 
0.02 
0.08 
Breakb 
0.37 
0.60 
0.01 
0.03 
0.02 
Breakb 
0.15 
0.03 
Breakb 
0.11 
0.55 
0.72 
0.00 
0.03 
0.03 
Breakb 
0.20 
1.28 1.17 0.95 1.08 1 .Ol 
‘Reference compound gas-phase basicities were obtained from ref 14. 
bThe break between slow and facile proton transfer for each peptide. 
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(TPA)H 
(GlyHis)H’ 
A 
Table 4. Experimental gas-phase basicities for glycine, 
histidine, lysine, and their di- and tripeptides 
GB’ (kcal/mol) 
Deprotonation Kinetic 
Compound reaction method method 
Glycine 
GlyGly 
GlyGlyGly 
Histidine 
Lysine 
GlyLys 
GlyHis 
HisGly 
GlyHisGly 
GlyLysGly 
GlyGlyHis 
HisGlyGly 
LysGly 
GlyGlyLys 
LvsGlvGlv 
208.0 f 2.3b 
219.7 + 3.1” 
220.8 f 3.1 
220.8 +_ 3.1 
208.0 + 2.6d 
221 .O f 2.6d 
223.2 &- 3.2 
223.2 f 3.2 
(GlyHis.H.TPI 
0 .,.I! . 1 
,~..‘~.~‘~,“.‘~*‘~~I’~~““” 
100 200 300 
, n/z 
223.2 + 3.3 
225.3 + 2.8 
225.3 + 2.8 
225.3 &- 2.8 
225.3 + 2.8 
226.5 -I 3.6 
226.5 f 3.6 
227.4 + 3.6 
230.7 f 2.8 
230.7 f 2.8 
227.8 + 3.2 
100 - 
227.8 + 3.2 
227.8 &- 3.2 
226.2 f 3.2 
227.8 k 3.2 50 - 
229.4 f 2.4 
227.8 + 3.2 
(GlyHis)H’ B 
227.8 It 3.2 
231.8 i- 3.3 
0-I 
231.8 f 3.3 100 200 300 
‘All values adjusted to basicity scale of ref 14. 
bFrom ref 5. 
‘Glycine did nor form a proton-bound dimer in ref 4 
dFrom ref 4. 
‘From ref 34. 
that, based on the kinetic method, GlyHis has a higher 
GB than TEA. (While the spectrum shown in Figure 2 
was obtained with E,, = 17 eV, protonated GlyHis 
was also the major CID product at E,, < 17 eV.) The 
measured GB for GlyHis via the kinetic method is 
227.8 kcal/mol, while deprotonation reactions yielded 
a value of 225.3 kcal/mol. 
Histidine and Lysine 
In this study, histidine and lysine are found to be of 
equivalent GB at 220.8 kcal/mol as determined by 
proton transfer reactions. These results are in general 
agreement with the work reported in Lias et al. [14], 
which found histidine to be more basic than lysine by 
1.6 kcal/mol. Our values are in opposition, however, 
to the laser-desorption studies conducted by Amster 
and co-workers [6] that show lysine to have a GB of 5.6 
kcal/mol higher than histidine (see Table 1). Our ki- 
netic method studies also revealed histidine and lysine 
to have equivalent GBs at 223.2 kcal/mol. This is in 
very good agreement with the values 224.8 kcal/mol 
for histidine and 224.3 kcal/mol for lysine as deter- 
mined by Wu and Fenselau [16] by using the kinetic 
method. 
We also applied the kinetic method to the proton- 
bound dimer (His * H. Lys)+ that was produced by 
FAB on a mixture of histidine and lysine. The results 
of this experiment are shown as a CID breakdown 
curve in Figure 3. At the energies studied, the only 
products are LysH+ and HisH+. At near threshold 
center-of-mass collision energies from 0 to 1.5 eV, both 
C 
(GlyHis.H.TPA) 
00 
100 200 300 
m/z 
Figure 1. FT-ICR mass spectra for the reaction of (GlyHis)H+ 
with tripropylamine (TPA) at a static pressure of 4.9 X 10-s torr. 
(a) All ions produced by FA8 on a solution of GlyHis in glycerol. 
(b) Isolation of (GlyHis)H’ by swept frequency ejection tech- 
niques. (c) Reaction of (GlyHis)H+ and TPA for 0.5 s. 
products form in equal intensities indicating near 
equivalent GBs for lysine and histidine. As the colli- 
sion energy is increased above 1.5 eV, HisH+ becomes 
the major CID product. In CID studies of proton-bound 
dimers, the more endoergic process begins to dominate 
(i.e., the less basic compound starts to retain the pro- 
ton) as the collision energy is increased [4]; thus, lysine 
may be slightly more basic than histidine. Wu and 
Fenselau [16] also dissociated this dimer for kinetic 
method studies; they found near equivalent GBs but 
with histidine having a slightly higher (0.5 kcal/mol) 
basicity. 
Amster and co-workers [3] previously suggested 
that the kinetic method and deprotonation reactions 
yield contradictory GBs for histidine and lysine. Our 
work that used both methods in the same laboratory 
does not support this conclusion. It should be noted, 
however, that while the experimental GB values re- 
ported by Amster were determined from proton trans- 
fer reactions of ions produced by laser desorption from 
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Figure 2. CID spectrum of (GlyHis . H . TEA)+ with a center-of-mass collision energy of 17 eV. The 
triethylamine (TEA) pressure was 7.1 x lo-” torr, while the argon collision gas was maintained at 
3.0X lo-’ torr. 
Lb W 
0 10 20 30 40 50 60 70 
OW 
0 1 2 3 4 5 6 7 0 
E, W 
Figure 3. CID product ion abundances versus collision energy 
for the dissociation of the proton-bound dimer (His. H. Lys)+. 
E,, (bottom scale) is the center-of-mass collision energy under 
single collision conditions, while E,,, (top scale) refers to the 
maximum collision energy possible under these conditions. 
solid amino acids [3, 61, our ions were generated by 
FAB on a solution of the amino acid in glycerol. 
Whether the gas-phase ions produced from these two 
different sampling phases have the same structure is 
unknown. In addition, internal energy effects may con- 
tribute to the differences in measured GBs. Our ions 
were collisionally cooled prior to reaction, while those 
in the laser desorption work [3, 61 were not. Also, as 
can be seen in Table 1, the GB values from the Amster 
study are generally lower than those of other studies; 
their work was performed at an FI-ICR cell tempera- 
ture of - 350 K, which may lower their measured GBs 
by about 2 kcal/mol relative to studies performed at 
298 K. 
In solution, the side chain of histidine is clearly 
more acidic than that of lysine with pK, values of 6.0 
and 10.8, respectively [31], yet, in the gas phase the 
GBs of these amino acids appear to be equivalent. The 
uniqueness of these species relative to the other com- 
mon amino acids (except arginine) is the structures of 
the side chains bearing nitrogen atoms that are avail- 
able protonation sites. Glutamine and asparagine have 
amide groups present on their side chains, but the lone 
electron pair of the nitrogen is slightly delocalized into 
the carbonyl group making the amide group quite 
unreactive in solution [32]. This same effect can be 
inferred to occur in the gas phase resulting in a reduc- 
tion of ability to be protonated at that site. Typtophan 
has a secondary amine located in a bulky indole ring, 
but the nitrogen of the amino group may not be able to 
form intramolecular hydrogen bonds easily due to 
steric hindrance. Thus, the GBs of glutamine, as- 
paragine, and tryptophan have been shown to be lower 
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than that of histidine and lysine [2, 8, 14, 151. The side 
chains of histidine and lysine have the ability to be 
protonated and then form intramolecular hydrogen 
bonds with the other heteroatoms present in the struc- 
ture, such as the N-terminal nitrogen and the carbonyl 
oxygens. Previously, intramolecular hydrogen bonding 
was shown to increase the GBs of peptides [l, 4, 
33-351; this effect is discussed in the following sec- 
tions. 
The GBs of histidine and lysine are consistent with 
those of similar organic compounds. A chemical model 
for lysine (but lacking lysine’s carboxyl group) is 1,5- 
diaminopentane which has a GB of 223.0 kcal/mol 
[14]. This is 2.2 kcal/mol higher than the GB of lysine 
(220.8 kcal/moll as determined by deprotonation reac- 
tions. This difference is within the experimental error 
and is also consistent with the effects on GB when an 
electron withdrawing carboxyl group is added alpha to 
an amino group. For example, the GBs of methylamine 
[14] and glycine [5] are 205.7 and 201.4 kcal/mol, 
respectively; the GB of ethylamine [14] is 208.5 
kcal/mol, while the GB of alanine [l] is 204.6 kcal/mol. 
For histidine, the side chain is a 4-methyleneimidazolo 
group. The simplest organic model for this side chain 
is 4-methylimidazole, which has a GB of 216.6 kcal/mol 
[14]. With an n-ethylamino group attached to an imi- 
dazole ring at the 4-position [4(51-2’-aminoethyl- 
imidazole (histamine)] the GB is 226.6 kcal/mol [36]. 
This GB is 5.8 kcal/mol higher than our GB of histi- 
dine (220.8 kcal/mol) as determined by deprotonation 
reactions. Ab initio calculations conducted by 
Hemandez-Laguna et al. [36] showed that the most 
stable protonated form of histamine involves ring 
protonation with intramolecular hydrogen bonding 
between the amino group on the alkyl chain and 
the protonation site. The larger GB difference seen 
in the histidine/histamine model (as opposed to the 
lysine/l, 5-diaminopentane model) suggests that the 
presence of a carboxyl group may have a greater effect 
on intramolecular hydrogen bonding in histidine than 
in lysine. 
Dipeptides 
Addition of a glycine residue to histidine or lysine to 
form dipeptides causes an increase in the GB. One 
reason for this is the additional inductive stabilization 
of the charge site by the glycine residues. Also, the 
stability of the protonated ions may be enhanced by 
the ability to form intramolecular hydrogen bonds 
within the di- and tripeptides. In comparison to the 
7.6-kcal/mol GB increase of glycine going to diglycine 
[4], the GB increase is less pronounced when glycine 
forms a dipeptide with histidine at either terminus (4.5 
kcal/mol). A 6.bkcal/mol increase in GB is seen when 
a glycine residue is added to the C-terminus of lysine 
(see Table 4). 
Examining the histidine-containing dipeptides, there 
is no detectable difference between the GBs of GlyHis 
and HisGly (225.3 kcal/mol). Previous studies in our 
laboratory on less basic peptides have always revealed 
a difference in GB when comparing the two structural 
isomers of glycine and another amino acid. For exam- 
ple, the GB of AlaGly (210.5 kcal/mol) is higher than 
the GB of GlyAla (209.4 kcal/mol) by 1.1 kcal/mol 111, 
while the GB of SerGly (210.6 kcal/mol) is 1.3 kcal/mol 
higher than that of GlySer (209.3 kcal/mol) [51. Also, 
Ewing et al. [37] determined the GB of ProGly (218.9 
kcal/mol) to be 4.1 kcal/mol higher than the GB of 
GlyPro (214.8 kcal/moll. In addition, Gorman and 
Amster [38] observed this trend for several dipeptides 
that contain valine. For these dipeptides consisting of 
relatively low basicity acids (i.e., Gly, Ala, Ser, Pro), 
the presence of the most basic residue at the N- 
terminus increases the GB (relative to its presence at 
the C-terminus); this suggests the protonation site is at 
the N-terminal amino group. The fact that the location 
of the histidine residue does not affect the GBs of 
HisGly and GlyHis suggests that the protonation site 
is on the side chain of histidine. This is consistent with 
CID studies of protonated larger peptides containing 
histidine (or lysine or arginine) that support side chain 
protonation on these residues [ 18-201. 
For GlyHis and HisGly, the equivalence in GB as 
determined by deprotonation reactions and the kinetic 
method may also point to similar intramolecular hy- 
drogen bonding. With the imino nitrogen on the imi- 
dazole ring being protonated, it can hydrogen bond 
with reasonable ease to any heteroatom in the dipep- 
tide. Specifically, intramolecular hydrogen bonding 
between the protonated imino nitrogen and the ter- 
minal amine may be possible in both GlyHisH+ and 
HisGlyH+ as well as interaction with the carbonyl 
oxygens. If hydrogen bonding is similar in terms of 
both the heteroatoms involved and the bond distances, 
this may contribute to the near equivalent GBs of the 
two dipeptide structural isomers. It is interesting to 
note that the deprotonation reaction efficiencies for 
GlyHis and HisGly are equivalent within experimental 
error for each reference compound (see Table 2), again 
suggesting similarities in protonation site and struc- 
ture. 
The lysine dipeptides show more variation in GB 
with respect to position than the histidine dipeptides. 
Deprotonation reactions reveal that when the lysine 
residue is located on the N-terminus (LysGly), the GB 
is noticeably higher than in GlyLys. In contrast, the 
kinetic method results indicate GlyLys and LysGly 
have equivalent GBs. The significantly larger GBs 
(15-20 kcal/mol) of the lysine dipeptides relative to 
the GB of GlyGly suggest that the proton is located on 
the n-butylamino group of lysine. If both of these 
dipeptides are protonated at the same site (i.e., the 
n-butylamino group), the deprotonation reaction data 
imply that different intramolecular hydrogen bonding 
is occurring as indicated by the differences in GB for 
GlyLys (223.2 kcal/mol) and LysGly (227.4 kcal/mol). 
The n-butylamino side chain may have enough flexi- 
J Am Sot Mass Spectrom 1996, 7, 1203-1210 GBs OF SMALL HISTIDINE AND LYSINE PEPTIDES 1209 
bility to interact with the N-terminus or carbonyl 
groups in either dipeptide to form an intramolecular 
hydrogen bond. Semiempirical calculations suggest 
that in lysine intramolecular hydrogen bonding occurs 
between the side chain n-butylamino group and the 
N-terminal amino group [3], but the location of hydro- 
gen bonding in the dipeptides is unclear. 
Investigations of other dipeptides containing lysine 
have been reported. By using proton transfer reactions, 
Gorman and Amster [38] determined that ValLys and 
LysVal have equivalent GBs of 218.0 kcal/mol. These 
workers noted a general trend that the GB of the 
dipeptide was often equal to the GB of the most basic 
ammo acid; this same group previously determined 
the GB of lysine to be 218.0 kcal/mol [6]. Our results 
from both deprotonation reactions and the kinetic 
method show not only a somewhat higher GB for 
lysine (220.8 kcal/mol), but also a significant increase 
in the GB of a dipeptide containing one lysine residue 
(relative to the GB of lysine alone). By using deproto 
nation reactions, there is also a 4.2-kcal/mol difference 
between the GBs obtained by deprotonation reactions 
for LysGly and GlyLys, while no difference was found 
between the GBs of LysVal and ValLys. One explana- 
tion for the valine/lysine dipeptide results may be 
steric hindrance from the isopropyl side chain of valine 
limiting the possible intramolecular hydrogen bond 
formations. 
The kinetic method data suggest that GlyLys and 
LysGly have the same GB at 227.8 kcal/mol. The 
kinetic method determination of the GB for these 
dipeptides falls between the reference compounds 
tripropylamine (TEA) and N, N, N’, N’-tetramethyl- 
1,3-diaminopropane (TMP). Whereas in the deprotona- 
tion reactions GlyLys had already reacted with a high 
efficiency with triethylamine and TPA, it is not until 
TMP in the kinetic method that the proton is effec- 
tively retained by the reference compound. The reason 
for the difference between GBs obtained by deprotona- 
tion reactions and the kinetic method is unclear. One 
possibility is that for the dipeptides hydrogen bonding 
is occurring between the dipeptide and the reference 
compound in the dimer; this may impact the kinetic 
method results. 
While lysine and histidine were found to have 
equivalent GBs, the presence of their residues in the 
dipeptides has different effects. One reason for this 
may be the differences in flexibility of the side chain 
structures. The histidine imino basic site on the imid- 
azole ring has fewer degrees of freedom than the basic 
site on the lysine n-butylamino chain. Consequently, 
the likelihood of the protonation site repeatedly being 
in the same spatial region relative to an intramolecular 
hydrogen bonding site may be greater for a dipeptide 
containing histidine than for a similar dipeptide con- 
taining lysine. 
Examining Table 2, there is a noticeable difference 
in reaction efficiencies between the amino acids and 
the dipeptides. With the amino acids, the proton trans- 
fer process is rapid when the reaction becomes exoer- 
gic. This is seen by the large increase in efficiency 
indicating the presence of an accessible route to the 
protonation site for the reference compound. The 
dipeptides show a more gradual increase in efficiency 
of proton transfer reactions. As discussed by Zhang et 
al. [41, this change in reactivity may be linked to 
multiple conformers having slightly different GBs. The 
number of conformational isomers, and thus the mag- 
nitude of this effect on reaction rates, will increase as 
the size of the peptide increases. In addition, steric 
hindrance may be limiting access of the reference com- 
pound to the protonation site [4, 91. Steric effects have 
been shown to lower rate constants in the deproton- 
ation reactions of some bulky ions, such as tert- 
butylated pyridines [391, and several reports 14, 9, 401 
suggest that this also occurs in the reactions of small 
peptides. Again, this effect would increase as the pep- 
tide size increases. 
Tripeptides 
A trend is evident for the tripeptides formed upon 
incorporation of a second glycine residue. Not only is 
there an increase in GB, but also near equivalent reac- 
tion efficiencies and GBs are seen when the basic 
amino acid is placed at either the N- or C-terminus of 
the tripeptide. The tripeptides with the basic residue in 
the middle undergo more facile deprotonation, which 
may suggest that intramolecular hydrogen bonding is 
more hindered for a middle residue than a terminal 
residue. Ab initio calculations on protonated triglycine 
have revealed large ring interactions (involving all 
three residues) via intramolecular hydrogen bonding 
[341. When the protonation site is located in the middle 
of the tripeptide, intramolecular hydrogen bonding 
encompassing all three residues cannot occur. The re- 
sult may be weaker hydrogen bonding and a lower 
basicity relative to tripeptide containing a terminal 
histidine or lysine residue. 
If the residue of interest is less basic than histidine 
or lysine, the reaction efficiencies of the tripeptides do 
not follow the same trend as noted in the preceding 
text. For example, with GlyGlyAla and GlyAlaGly [l], 
the GBs and deprotonation reaction efficiencies are 
similar; this is also true for GlyGlyPro and GlyProGly 
1371. However, when the amino acid is on the N- 
terminus (i.e., AlaGlyGly or ProGlyGly) the tripeptide 
deprotonates more slowly than the preceding tripep- 
tides and therefore is assigned a higher GB. Wu and 
Fenselau [41] also noted this difference in kinetic 
method studies of GlyGlyAla (216.3 kcal/mol) and 
AlaGlyGly (217.1 kcal/mol). The foregoing observa- 
tions point to protonation of the N-terminal amino 
group for these less basic tripeptides. In turn, since 
lysine- and histidine-containing tripeptides do not be- 
have in this manner, the implication is protonation of 
the basic side chain. 
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In this study, although histidine and lysine were 
found to be of equivalent basicity, tripeptides that 
incorporate lysine are generally more basic than the 
corresponding tripeptides containing histidine. The ly- 
sine residue may participate to a greater extent in 
intramolecular hydrogen bonding with the results be- 
ing higher GBs for lysine-containing peptides. For ex- 
ample, when the basic residue is located on either 
terminus, histidine-containing tripeptides have GBs of 
226.5 kcal/mol, but if the terminal residue is lysine, 
the GBs are 230.7 kcal/mol. 
8. Wu, Z.; Fenselau, C. Rapid Commun. MRSS Spectrom. 1992, 6, 
403-405. 
9. 
10. 
Wu, J.; Gard, E.; Bregar, J.; Green, M. K.; Lebrilla, C. B. 1. Am. 
Chem. Sot. 1995, 117, 9900-9905. 
Caldin, E.; Gold, V. Proton-Transfer Reactions; Wiley: New 
York, 1975. 
11. 
12. 
Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, S. A. Muss 
Spectrom. Rev. 1994, 23, 287-339. 
Cooks, R. G.; Kruger, T. L. 1. Am. Chem. Sot. 1977, 99, 
1279-1281. 
13. 
The kinetic method revealed a GB of 229.4 kcal/mol 
for HisGlyGly which is in excellent agreement with the 
value of 230.0 kcal/mol determined by Wu and Fense- 
lau [41]. Our deprotonation reactions show GlyHisGly 
to have the same GB as GlyLysGly at 225.3 kcal/mol. 
In our kinetic method studies, GlyHisGly (226.2 
kcal/mol) is seen to have a slightly lower GB com- 
pared to GlyLysGly (227.8 kcal/mol), while Wu and 
Fenselau [161 found GlyHisGly to possess a slightly 
higher GB than GlyLysGly. This minor discrepancy is 
within the experimental errors of the two studies and 
is reasonable considering the size and flexibility of the 
structures involved. 
14. 
McLuckey, S. A.; Cameron, D.; Cooks, R. G. 1. Am. Chem. 
Soc.1981, 103,1313-1317. I 
Lias, S. G.; Liebman, J. F.; Levin, R. D. 1. Phys. Chem. Ref. 
Dntn 1984, 13, 696-808. This is a compilation of gas-phase 
basicity data with his&dine and lysine data attributed to 
otherwise unpublished results of M. J. Locke and R. T. 
Mclver. 
15. Isa, K.; Omote, T.; Amaya, M. Org. Mnss Spectrom. 1990, 25, 
620-628. 
16. Wu, Z.; Fenselau, C. Rapid Commun. Mass Spectrom. 1994, 8, 
777-780. 
17. 
18. 
19. 
20. 
21. 
22. 
Bojesen, G.; Breindahl, T. /. Ckern. Sot. Perkin Trans. 2 1994, 
1029-1037. 
Johnson, R. S.; Martin, S. A.; Biemann, K. ht. J. Mnss Spec- 
tram. Ion Processes 1988, 86, 137-154. 
Morgan, D. G.; Bursey, M. M. 1. Muss Spectrom. 1995, 30, 
290-295. 
Morgan, D. G.; Bursey, M. M. Org. Muss Spectrom. 1994, 29, 
354-359. 
Conclusions 
Deprotonation reactions and the kinetic method have 
been carried out in a FT-ICR mass spectrometer to 
determine the gas-phase basicities of histidine, lysine, 
and their selected di- and tripeptides. The GB values 
determined by the two methods generally differ by 
less than 2.5 kcal/mol. The data suggest that the side 
chains of these basic residues are protonated when 
they are incorporated into a peptide. The location of 
the protonated residue may affect the GBs of peptide 
structural isomers by varying the amount of in- 
tramolecular hydrogen bonding involved in the ion. 
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